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Introduction {#sec005}
============

Type 1 diabetes (T1D) affects approximately 1.5 million people in the United States, with the incidence increasing over the past several decades worldwide. The complications of type 1 diabetes lead to an increased healthcare burden and costs estimated to be more than \$7,000 per person annually\[[@pone.0174840.ref001], [@pone.0174840.ref002]\]. While type 1 diabetes has a strong genetic component, the increasing incidence must be attributable to environmental triggers. In recent years, an area of investigation has focused on how the innate immune system may be involved in the pathogenesis of T1D. Insults, such as microbial infections, initiate the innate immune system response and a cascade of events, including the expression of pro-inflammatory cytokines and chemokines occurs. These findings raise the question does systemic inflammation exist in the context of islet autoimmunity and T1D? It is well appreciated that type 2 diabetes has systemic inflammation as a prominent factor in disease pathogenesis\[[@pone.0174840.ref003]\]; however results in autoimmune diabetes, including latent autoimmune diabetes of adulthood and T1D, is less clear\[[@pone.0174840.ref004]\]. A longitudinal study measuring the inflammatory marker C-reactive protein (CRP) in islet autoantibody subjects over time that progress to T1D, indicated that CRP concentrations are not a valuable marker of progression to T1D\[[@pone.0174840.ref005]\]. In new-onset T1D subjects, compared to healthy controls, a differential expression in sera of some cytokines and chemokines has been observed \[[@pone.0174840.ref006], [@pone.0174840.ref007]\]. Also, inflammation of the pancreatic islet cells and increased inflammatory markers have been reported in children with T1D, particularly at diagnosis \[[@pone.0174840.ref008], [@pone.0174840.ref009]\]. Further, we have seen a positive association between enterovirus infection, detected in serum, and progression from islet autoimmunity (IA) to T1D \[[@pone.0174840.ref010]\]. Therefore, it is hypothesized that the activation of cytokines and resulting inflammation may play a role in the development of IA and subsequent progression to T1D.

The Diabetes Autoimmunity Study in the Young (DAISY) is following children with genetic or familial risk for type 1 diabetes in order to determine which environmental factors influence the risk for developing IA and clinical T1D\[[@pone.0174840.ref011]\]. The aim of this study was to examine whether inflammatory cytokines and chemokines are increased prior to the development of either IA or T1D.

Materials and methods {#sec006}
=====================

Study population {#sec007}
----------------

To identify potential circulating serum cytokines associated with development of IA and T1D, we performed a nested case-control study of children participating in the DAISY study. DAISY is a prospective cohort of children at increased risk for type 1 diabetes. Participants are either T1D first-degree relatives (N = 1,123) or general population children who carry type 1 diabetes-susceptibility HLA-DR, DQ genotypes (N = 1,424). The details of the newborn screening and follow-up have been previously published \[[@pone.0174840.ref011], [@pone.0174840.ref012]\]. Recruitment took place between 1993 and 2004 and follow-up results through July of 2011 were included in this analysis. Written informed consent was obtained from the parents of study participants. The Colorado Multiple Institutional Review Board approved all study protocols.

Study endpoints {#sec008}
---------------

Study subjects were considered persistently IA positive if they had at least two consecutive, confirmed islet autoantibody positive samples, not due to maternal autoantibody transfer, or if they had one confirmed autoantibody positive sample and developed T1D prior to the next sample collection. Autoantibodies were tested at 9, 15, and 24 months of age and, if negative, annually thereafter; children found to be autoantibody positive were re-tested every 3--6 months. Radio-immunoassays were used to measure serum autoantibodies to insulin (IAA), GAD~65~ (GAA), and IA-2 (BDC512), as previously described \[[@pone.0174840.ref013]--[@pone.0174840.ref015]\], with rigorous duplicate testing and confirmation of all positive and a subset of negative results. All samples from children ever positive for any of the above autoantibodies and from those who developed T1D were retrospectively tested for autoantibodies to zinc transporter 8 (ZnT8A) \[[@pone.0174840.ref016]\]. The last sample from autoantibody negative active study participants was also tested for ZnT8A. The cut-off for positivity was established as the 99th percentile of healthy controls. The inter-assay coefficients of variation for IAA, GAA, IA-2A, and ZnT8A were 20%, 10%, 5%, and 10.4%, respectively. In the 2010 Diabetes Autoantibody Standardization Program (DASP) workshop, the sensitivity and specificity for IAA were 56% and 99%, respectively, 82% and 99% for GADA, 66% and 99% for IA-2A, and 64% and 100% for ZnT8A\[[@pone.0174840.ref017]\]. Type 1 diabetes was diagnosed by a physician using the American Diabetes Association criteria.

Selection of subjects for cytokine studies {#sec009}
------------------------------------------

Seventy-five children followed prospectively for development of IA and T1D were selected from the DAISY cohort. Of those, 25 children were followed to type 1 diabetes (**T1D group**), 25 were persistently positive for at least one islet autoantibody and not diagnosed with T1D at their last study visit (**IA group**), and 25 controls who were previously negative for all islet autoantibodies at all DAISY visits (**C group**). Controls were frequency matched to the combined T1D and IA group subjects based upon age, HLA DR/DQ genotypes, gender and family history of T1D.

Sample selection {#sec010}
----------------

Serum samples were selected primarily with regard to T1D follow-up time. Controls were frequency matched on 1) the T1D and IA groups combined HLA genotypes, gender, and family history of T1D and 2) the age of T1D's at each time point, defined below:

**T1** is the earliest sample available, for all groups. Participants for all groups were enrolled by 9 months of age, but a serum sample was not necessarily available from each first visit so the earliest available sample was selected.

**T2** is selected based on the seroconversion visit of the T1D and IA participants. The closest available sample prior to seroconversion was selected.

**T3** is also selected based on the seroconversion visit of the T1D and IA participants. The closest available sample just after seroconversion was selected.

**T4** is the last sample available. For T1D participants, this would be the last sample available prior to diagnosis. For IA participants, this would be the last sample available at the time of the assay.

At each clinic visit, blood was drawn into a serum separator tube, allowed to clot for 15 minutes and spun for 10 minutes to isolate serum. Serum was aliquoted into multiple 1.5ml cryovials and immediately stored at -80°C.

Assay specifications and procedures {#sec011}
-----------------------------------

Serum samples from clinic visits, thawed on ice, were analyzed using a customized Meso Scale Discovery^TM^ immunoassay, MSD Human Custom Cytokine 9-Plex US. This technology includes biotinylated and conjugated SULFO-TAG detection antibodies to measure nine different analytes in one microtiter well. Pristine serum from each subject at each time point (50ul) was thawed and analyzed in duplicate for nine cytokines per manufacturer recommendations: interferon (IFN)-α2a, interleukin (IL)-6, IL-17, IL-1β, interferon gamma-induced protein (IP)-10, monocyte chemotactic protein (MCP)-1, IFN-γ, IL-1α, and IL-1ra (IL-1 receptor antagonist).

Statistical analysis {#sec012}
--------------------

We used two-sample t-tests and ANOVA tests for univariate comparison of continuous variables. Chi-square tests and Fisher exact tests were used for statistical comparisons for dichotomous and categorical variables. Values of p≤ 0.05 were considered to be statistically significant. Generalized linear mixed models were used to examine the cytokine levels as repeated measures over time in the study groups. For this analysis, Proc Mixed in SAS version 9.4 (SAS Institute, Cary, NC) was used. Potential confounding due to differences in age, sex, and FDR status was addressed in our regression analysis. In addition, the mixed models were adjusted for gender and enrollment cohort (general population cohort versus first-degree relative (FDR)). Estimates were obtained from the mixed models using estimate statements in a cell means model.

Samples were unavailable at T1 for three T1D subjects and at T2 for six T1D subjects. Five of the nine cytokines (IL-1β, IL-1ra, IL-1α, IL-17, IFN-α2a) had more than 50% of the values below the lower limit of detection (LLD). These cytokines were excluded from the analysis ([S1 Table](#pone.0174840.s002){ref-type="supplementary-material"}). For the remaining cytokines (IFN-ү, IL-6, IP-10, and MCP-1), all values under the LLD were censored at the LLD for analysis.

Log ten transformation was performed for the cytokine data in order to normalize the distribution.

Results {#sec013}
=======

Characteristics of DAISY nested case-control study subjects are shown in [Table 1](#pone.0174840.t001){ref-type="table"}. There were no significant differences in sex, ethnicity or HLA-DR genotypes. Although frequency matching was attempted, there remained a significant difference in age, only at T2 and T3, while ages are similar in all groups at T1 and T4. The BMI z-score, evaluated at each time point, was not significantly different across groups ([S1 Fig](#pone.0174840.s001){ref-type="supplementary-material"}).

10.1371/journal.pone.0174840.t001

###### Characteristics of DAISY nested case-control study.

![](pone.0174840.t001){#pone.0174840.t001g}

                                                   T1D    IA     Control   p-value
  --------------------------- -------------------- ------ ------ --------- ---------
  Number of subjects                               25     25     25        
  Gender (male)                                    15     15     12        0.61
  T1D first degree relative                        17     14     10        0.07
  Race/ethnicity                                                           0.051
                              Non-Hispanic White   24     17     20        
                              Hispanic             1      6      5         
                              Other                0      2      0         
  HLA                                                                      0.375
                              DR 3/4               11     7      4         
                              DR 3/3 or 3/X        5      3      5         
                              DR 4/4 or 4/X        7      11     13        
                              DR X/X               2      4      3         
  Age (mean, yrs)                                                          
                              T1                   1.4    1.6    0.9       0.058
                              T2                   4.6    6.2    3.6       0.008
                              T3                   6.2    8.8    6.4       0.007
                              T4                   10.5   12.6   10.9      0.13

The univariate log means for all cytokines by visit and study group ([S2 Table](#pone.0174840.s003){ref-type="supplementary-material"}) demonstrated significant differences at T3, just after the development of IA, for monocyte chemotactic protein 1 (MCP-1) and. The log mean concentration of MCP-1 was significantly higher in subjects that progressed to T1D when compared to IA subjects (p = 0.006) but not different from controls.

A multivariate analysis, adjusted for age, FDR and sex was conducted to determine differences in cytokine concentrations among the groups. As shown in [Table 2](#pone.0174840.t002){ref-type="table"}, MCP-1, also referred to as CCL2, was significantly lower at T3, in IA subjects when compared to controls (p = 0.02) and at T2 and T3 when compared to T1D subjects (p = 0.03, 0.02 respectively). IP-10, also known as CXCL10 was significantly higher in IA subjects than controls at T4 (p = 0.034).

10.1371/journal.pone.0174840.t002

###### Difference in Log Means Concentration of Cytokines (Adjusted for gender, age, HLA and FDR status).

![](pone.0174840.t002){#pone.0174840.t002g}

              T1D vs. Control   IA vs. Control                                    IA vs. T1D                                        Overall p-value
  ----------- ----------------- ------------------------------------------------- ------------------------------------------------- -----------------
  **IL-6**    0.75                                                                                                                  
  T1          0.016             -0.119                                            -0.135                                            
  T2          0.166             0.216                                             0.050                                             
  T3          0.080             0.191                                             0.111                                             
  T4          0.140             -0.186                                            -0.326                                            
  **IP-10**   0.27                                                                                                                  
  T1          -0.003            0.028                                             0.031                                             
  T2          0.025             0.094                                             0.070                                             
  T3          0.077             0.173                                             0.096                                             
  T4          0.112             **0.407**[\*](#t002fn001){ref-type="table-fn"}    0.295                                             
  **MCP-1**   0.008                                                                                                                 
  T1          -0.102            -0.172                                            -0.07                                             
  T2          0.071             -0.159                                            **-0.229**[\*](#t002fn001){ref-type="table-fn"}   
  T3          0.052             **-0.194**[\*](#t002fn001){ref-type="table-fn"}   **-0.246**[\*](#t002fn001){ref-type="table-fn"}   
  T4          0.008             -0.170                                            -0.178                                            
  **IFN-γ**   0.08                                                                                                                  
  T1          -0.244            0.027                                             0.271                                             
  T2          -0.298            -0.531                                            -0.233                                            
  T3          0.355             -0.298                                            -0.653                                            
  T4          0.461             0.651                                             0.190                                             

\*p\<0.05

We next examined the pattern of change in serum cytokine concentrations over time for each group, presented in [Fig 1](#pone.0174840.g001){ref-type="fig"}. While IFN-γ increased between T1 and T2 in both the cohort progressing to T1D and the controls, this increase persisted in only the T1D cohort, which was elevated at all time points after T1. IL-6 was somewhat increased over baseline at T2 and T3 in the IA and T1D groups but by T4, IL-6 was elevated in all groups. Interestingly, IL-6 was elevated at all time points after T1 in the IA group. The pattern of change over time for IP-10 and MCP-1 did not dramatically differ between the groups.

![The Mixed Model Estimate of Change from Time 1.\
Pattern of change in serum cytokine or chemokine concentrations over time for the T1D, IA, and control groups. The log mean concentration for each individual cytokine is depicted as the difference from T1, the baseline (T2-T1, T3-T1, T4-T1).](pone.0174840.g001){#pone.0174840.g001}

Discussion {#sec014}
==========

This serial sample analysis for serum cytokines showed significant differences in cytokine concentrations between participants who progressed to T1D, those who had IA but did not progress to T1D, and controls without IA, at the time of seroconversion, T3, and just prior to diagnosis, T4. In addition, among the three comparison groups, different patterns of change occurred in some serum cytokine concentrations from the earliest time point to the last time point. These results suggest early alterations in immune response pathways.

This analysis did not demonstrate profoundly distinct cytokine profiles for our IA or T1D group compared to controls; however, it did show significant differences between these groups at specific stages of autoimmunity progression, including between those with IA who did and did not progress to T1D. This customized assay also corresponded to results previously demonstrated from ELISA assays\[[@pone.0174840.ref018]\] and peripheral blood mononuclear cell (PBMC) stimulation assays\[[@pone.0174840.ref006], [@pone.0174840.ref019]--[@pone.0174840.ref021]\]. The concentration of IP-10 was greater at T4 in the IA group compared to controls. IP-10, also referred to as CXCL10, is characterized as an inflammatory cytokine that results in recruitment of lymphoctyes, especially T cells and NK T cells to sites of inflammation. There is conflicting data regarding IP-10 levels in IA and T1D, with some previous studies indicating no difference between IA and controls\[[@pone.0174840.ref018]\] while others indicate lower levels in IA compared to controls\[[@pone.0174840.ref021]\]. Our results showing higher serum IP-10 concentrations in those at risk agree with several previous reports\[[@pone.0174840.ref022], [@pone.0174840.ref023]\]Importantly, this analysis is the first to examine serial samples through the progression of autoimmunity as opposed to a single timepoint in the disease course and may represent a more complete picture of serum cytokine levels.

We observed elevated levels of other pro-inflammatory cytokines, IFN-γ and IL-6 IFN-γ is elevated after seroconversion in both IA and T1D groups, although delayed in the IA group, implicating inflammatory mediators just prior to T1D diagnosis. This is consistent with other reports of IFN-γ involvement in beta cell damage and apoptosis\[[@pone.0174840.ref024], [@pone.0174840.ref025]\]. IL-6 has been shown to participate in the balance of pro-inflammatoryTh17 and suppressor lymphocytes,Treg cells, during an immune response and others report elevated levels of IL-6 in blood serum of T1D patients\[[@pone.0174840.ref026]\]. Our results indicate a moderate yet persistent increase in IL-6 in the cohort that progressed to T1D compared to controls, across all time points.

We observed significantly lower levels of MCP-1 in IA compared to both controls and the T1D group around the time of seroconversion, T2 and T3. However, T1D subjects had similar levels to controls at all time points. MCP-1 is capable of being induced from PBMCs of newly diagnosed T1D children when stimulated with GAD~65~ but is not significantly elevated without an in vitro stimulus\[[@pone.0174840.ref020]\], which is one possibility why we did not see a difference between these groups. However, the IA individuals had lower MCP-1 levels than controls and T1D patientsThese data raise the possiblity that basal serum levels of MCP-1 may not be reflective of pathology in target tissues or an in vitro stimulus is needed to define differences based upon stage of the disease process\[[@pone.0174840.ref021]\].

The longitudinal nature of the DAISY cohort has allowed us to analyze changes in circulating cytokine levels at multiple time points along the progression to autoimmunity and development of clinical T1D. While we attempted to determine patterns and trends over four time points, we were still limited to four snapshots in time over the course of several years of autoimmunity progression. We also utilized a customized assay plate which allowed us to measure multiple analytes in a single well from one sample, therefore enabling us to analyze multiple cytokines among several samples relatively quickly. The limitations to our approach include the fact that predominantly inflammatory cytokines and chemokines were measured and that our sample size is relatively small. Future studies will analyze both inflammatory and regulatory cytokines, which have been reported from PBMCs stimulated with islet peptides in both T1D and healthly controls\[[@pone.0174840.ref027], [@pone.0174840.ref028]\]. Another limitation was that ages were not matched at all timepoints, as the mean age of the IA positive group remained significantly different from the T1D group at the time of seroconversion. It has previously been reported, in this cohort and others, that progression to T1D is associated with age of islet autoantibody appearance\[[@pone.0174840.ref029]--[@pone.0174840.ref031]\] and as we see in this analysis, those that remain IA positive for an extended period of follow up develop autoimmunity at a later age than those that progress to T1D more quickly. However, despite the age difference, the mean time of islet autoimmunity (seroconversion to T4) in the IA positive and T1D groups are similar, 4.4 +/- 3.2 and 5.3 +/- 2.3 years (p = 0.278), respectively. Furthermore, we adjusted for age in the multivariate analysis.

In conclusion, the results of this study suggest that inflammation may be related to the development and progression to T1D, and there may be multiple levels of altered immune regulation, demonstrated by the differences between the IA and T1D groups. Future studies focusing on identifying the differences between these two groups in terms of inflammatory and regulatory cytokines may define optimal timing for interventions to delay or prevent progression to islet autoimmunity and clinical T1D.

Supporting information {#sec015}
======================

###### Distribution of BMI z-score at each time point.

The BMI z-score distribution for each group at each time point. At time point 1 (T1) n = 11. Many participants are less than 1 year of age at T1 and length was not measured, therefore BMI and BMI z-score could not be calculated-no controls had recorded length measurements at T1.

(TIF)

###### 

Click here for additional data file.

###### Percent censored and lower limit of detection (LLD) for each cytokine.

Cytokine output in which greater that 50% of the data was censored was excluded from the analysis.

(DOCX)

###### 

Click here for additional data file.

###### Log mean concentration of cytokine by group and time (unadjusted).

Univariate analysis of the log mean concentration for cytokines included in the analysis, by group and time point. \*P-value of ≤ 0.05.

(DOCX)

###### 

Click here for additional data file.

###### Original data used for the analyses included in this manuscript.

(XLSX)

###### 

Click here for additional data file.
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